Advanced glycation end products (AGEs) are adducts formed on proteins by glycation with reducing sugars, such as glucose, and tend to form and accumulate under hyperglycemic conditions. AGE accumulation alters protein function and has been implicated in the pathogenesis of many degenerative diseases such as diabetic complications. AGEs have also been shown to promote the production of pro-inflammatory cytokines, but the roles of AGEs in inflammasome signaling have not been explored in detail. Here, we present evidence that AGEs attenuate activation of the NLRP3 inflammasome in bone marrowderived macrophages (BMDMs) as determined by caspase-1 processing and interleukin-1␤ production. AGEs also dampened the assembly of the NLRP3 inflammasome, but did not affect the NLRC4 or AIM2 inflammasome activation. Moreover, our data indicated that AGE treatment inhibited Toll-like receptor (TLR)-dependent production of pro-inflammatory cytokines in BMDMs. This immunosuppressive effect of AGE was not associated with a receptor for AGEs (RAGE)-mediated signaling. Instead, AGE treatment markedly suppressed lipopolysaccharide-induced M1 polarization of macrophages. Furthermore, AGEs significantly dampened innate immune responses including NLRP3 inflammasome activation and type-I interferon production in macrophages upon influenza virus infection. These observations collectively suggest that AGEs could impair host NLRP3 inflammasome-mediated innate immune defenses against RNA virus infection leading to an increased susceptibility to infection.
Advanced glycation end products (AGEs) 2 belong to a group of heterogeneous compounds formed by non-enzymatic glycation of proteins (1) . AGEs accumulate under hyperglycemic conditions and in the regions associated with diabetic complications (2) . Elevated levels of AGEs were frequently found in the samples of patients with type-2 diabetes, aging-related diseases, or obesity (3) (4) (5) . Accumulated AGEs can cause host tissue damages mainly by direct binding to cell surface receptors such as the receptor for AGEs (RAGE) (2) . In this regard, AGEs are considered crucial risk factors for accelerated disease progression or aggravation of many age-related degenerative disorders, including diabetic complications (6, 7) . However, the molecular details of AGEs-implicated disease pathogenesis remain poorly understood, although RAGE-mediated signaling is considered pivotal for such pathogenesis. Intriguingly, AGEs were shown to increase the production of pro-inflammatory cytokines such as interleukin-6 (IL-6) in myeloid or non-myeloid cells via binding to RAGE (8 -10) . The potential impact of AGEs on inflammatory responses could account for AGEs-dependent pathogenesis.
The inflammasome complex plays a key role in the initiation of inflammatory responses by inducing caspase-1-dependent maturation and secretion of IL-1␤ or IL-18, mainly in myeloid cells (11) . Microbial infection or tissue injury could trigger the assembly and activation of inflammasomes, comprising sensor molecules such as nucleotide-binding oligomerization domainlike receptor family, pyrin domain-containing 3 (NLRP3), or absent in melanoma 2 (AIM2), ASC, and procaspase-1, leading to caspase-1 activation (11, 12) . Inflammasome signaling primarily provides a host innate immune defense against a wide range of microbial infections, including influenza virus (13) (14) (15) . In addition, NLRP3 inflammasome can also be activated by diverse endogenous risk factors such as palmitate, amyloid ␤, and cholesterol crystal (16 -18) . Furthermore, Nlrp3-deficient mice showed a remarkable attenuation of disease symptoms associated with type-2 diabetes, Alzheimer's disease, and atherosclerosis, indicating that deregulated activation of NLRP3 inflammasome is integral to the pathogenesis of these metabolic or degenerative disorders (18 -21) . Given that AGEs are closely associated with degenerative disorders, such as type-2 diabetes, it is of interest to investigate the potent role of AGEs in inflammasome-mediated immune responses. Thus far, it has not been explored whether AGEs could modulate the activation of inflammasome signaling in myeloid cells. In this study, we examined the potential role of AGEs on inflammasome assembly or activation in macrophages.
Results

AGEs do not promote the production of pro-inflammatory cytokines
To examine the effect of AGEs on inflammasome signaling, we first prepared AGEs by incubating bovine serum albumin (BSA) with a high concentration of glucose for 8 weeks, as described previously (22) . We subsequently validated the production of AGEs by assessing its unique fluorescence spectrum (excitation 370 nm, emission 440 nm; Fig. 1A ). Then, we treated bone marrow-derived macrophages (BMDMs) with AGEs for 6 or 18 h and assessed the secreted levels of pro-inflammatory cytokines from BMDMs. Unexpectedly, AGE treatment did not trigger the secretion of IL-1␤ or IL-6 in BMDMs (Fig. 1 , B and C). Similarly, AGE treatment also failed to promote IL-1␤ secretion in the presence of lipopolysaccharide (LPS) stimulation (Fig. 1B) , but rather suppressed secretion of IL-6 from BMDMs stimulated with LPS (Fig. 1C) . Supporting these data, AGE treatment was incapable of inducing the expression of IL-1␤ and IL-6 mRNA in BMDMs (Fig. 1, D and E) as well as in human monocytic THP-1 cells (Fig. 1, F and G). In agreement with our observations, two commercially available AGEs, prepared from the incubation of BSA with glycoaldehyde (GA-BSA) or glucose (Glu-BSA), failed to trigger the robust production of IL-6 mRNA in BMDMs (Fig. 1H) .
AGEs suppress Toll-like receptor (TLR)-mediated production of proinflammatory cytokines
Of particular interest, prolonged treatment of AGEs repressed LPS-promoted production of IL-6 from BMDMs (Fig.  1C) . Consistent with this data, pretreatment with AGEs (10 mg/ml) for 15 h prior to LPS stimulation significantly attenuated LPS-triggered up-regulation of IL-1␤ and IL-6 mRNA levels in BMDMs (Fig. 2, A and B) . Additionally, pretreatment with two commercial AGEs, GA-BSA and Glu-BSA, also led to a significant suppression of IL-6 mRNA induction in LPS-stimulated BMDMs (Fig. 2C ). However, a short incubation with AGEs (up to 3 h) did not cause this inhibitory effect (supplemental Fig. 1, A and B) .
To further examine whether AGEs could dampen the production of pro-inflammatory cytokines in macrophages triggered by other TLR agonists than LPS, we stimulated BMDMs with Pam3CSK4, a TLR1/2 agonist, or a poly(I:C), a TLR3 agonist. In agreement with LPS stimulation, AGE pretreatment significantly attenuated Pam3CSK4-stimulated induction of IL-1␤ and IL-6 mRNA in BMDMs (Fig. 2, D and E) . Consistently, poly(I:C)-triggered production of IL-6 mRNA was also diminished by AGE, but not by BSA, pretreatment (Fig. 2F) . These findings clearly demonstrated that AGEs could impair TLR-mediated cytokine production in macrophages.
AGEs inhibit the activation of NLRP3 inflammasome
We next examined whether AGEs affect caspase-1 and inflammasome signaling. Similar to the findings shown in Fig. 1 , AGE treatment failed to induce caspase-1/inflammasome acti- Figure 1 . AGEs do not trigger the production of pro-inflammatory cytokines. A, the fluorescence emission spectra of PBS (green), 8-week incubated BSA (blue), and 8-week incubated AGE-BSA (red) at 370 nm excitation. B and C, mouse BMDMs were treated with AGEs (10 mg/ml) for the indicated times in the presence of LPS (0.25 g/ml, final 3 h), or treated with LPS alone (0.25 g/ml, 3 h), followed by the treatment with ATP (2.5 mM, 30 min). Culture supernatants were assayed for extracellular levels of IL-1␤ (B) or IL-6 (C) by ELISAs. Asterisk indicates significant difference from LPS alone-treated group (n ϭ 3, B; n ϭ 3, C; *, p Ͻ 0.05). D and E, mouse BMDMs were treated with AGEs (0.1ϳ10 mg/ml) for 24 h, or treated with LPS (0.5 g/ml) for 3 h (n ϭ 4, D; n ϭ 4, E). F and G, THP-1 cells were treated with AGEs (0.1ϳ10 mg/ml) for 24 h, or treated with LPS (0.5 g/ml) for 6 h (n ϭ 4, F; n ϭ 4, G). H, mouse BMDMs were treated with two commercial AGEs, GA-BSA or glucose-BSA (Glu-BSA) (200 g/ml) for 18 h, or LPS (0.5 g/ml) for 3 h (n ϭ 3). D-H, cell extracts were assayed for mRNA levels of IL-1␤ or IL-6 by quantitative real-time PCR.
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vation in BMDMs even with costimulation with ATP, as determined by the presence of extracellular cleaved caspase-1 (p20) and IL-1␤ (Fig. 3A) . LPS/ATP treatment was used to stimulate NLRP3 inflammasomes as a positive control. Of more interest, pretreatment with AGEs, but not with BSA, showed a robust reduction in the secretion of active caspase-1 and IL-1␤ from BMDMs in response to LPS/ATP stimulation (Fig. 3B) . AGE pretreatment consistently exhibited a dose-dependent attenuation of caspase-1 activation and IL-1␤ secretion in BMDMs upon stimulation with LPS/ATP ( Fig. 3C and supplemental Fig.  S2 ). We also prepared extensively modified AGEs by longer incubation of BSA with glucose for 24 weeks. The extensive formation of AGE adducts (24-week incubation) was revealed by a stronger fluorescence intensity of AGEs than observed with normal AGEs (8-week incubation, Fig. 3D ). The 24-week AGE samples, but not 24-week BSA samples, blocked NLRP3 inflammasome activation at a much lower AGE concentration (1 mg/ml, Fig. 3, E and F) . To support our observations, commercially available AGEs also showed a clear inhibition of LPS/ ATP-promoted caspase-1 activation and IL-1␤ secretion in BMDMs (Fig. 3G) .
Additionally, we examined whether glucose in the reaction mixture of the AGE preparation could help suppress NLRP3 inflammasome activation. We performed similar experiments with dialyzed AGE to remove added glucose in the mixture. Dialyzed AGEs also showed robust inhibition of NLRP3 inflammasome activation in BMDMs (Fig. 3H) . Furthermore, the reaction mixture containing glucose alone (without BSA) did not suppress caspase-1 activation after LPS/ ATP stimulation (Fig. 3H ). These findings indicate that AGE pretreatment drives lower responsiveness to NLRP3-activated stimulation in macrophages.
AGEs suppress the assembly of NLRP3 inflammasome
We then examined the role of AGEs on inflammasome signaling in response to stimulations other than LPS/ATP. NLRP3-mediated inflammasome activation triggered by ATP, nigericin, or alum was clearly attenuated by pretreatment with AGEs in LPS-primed macrophages (Fig. 4A) . However, poly(dA:dT) transfection-triggered inflammasome activation, mediated by AIM2, was not impaired by AGE pretreatment (Fig. 4B ). NLRC4 inflammasome activation in response to Pseudomonas aeruginosa infection was not reduced by pretreatment with AGEs (Fig. 4C) . Moreover, AGE pretreatment clearly abolished LPS/ATP-triggered oligomerization of ASC, an essential phenomenon of NLRP3 inflammasome signaling (23) (Fig. 4D ). In accordance with these data, the formation of speck-like NLRP3 aggregates by nigericin was significantly reduced by AGE pretreatment (Fig. 4, E and F) . These results collectively indicate that AGE pretreatment specifically impairs the NLRP3 inflammasome-activating potential of macrophages.
AGEs attenuate TLR4-NF-B signaling but not mitogen-activated protein kinase signaling
To investigate the mechanism by which AGE pretreatment could modulate NLRP3 inflammasome signaling, we first measured the expression of NLRP3 mRNA. As shown in Fig. 2 , AGE pretreatment diminished LPS-triggered IL-1␤ or IL-6 mRNA production in BMDMs. Similarly, LPS-promoted up-regulation of NLRP3 was significantly repressed by AGE treatment (Fig. 5A) . Then, we checked whether AGE pretreatment could interfere with the Toll-like receptor 4 (TLR4)-NF-B signaling axis. Consistent with the reduced production of cytokines and NLRP3, AGE pretreatment considerably inhibited LPS-stimu- Prolonged AGE treatment inhibits TLR-mediated production of pro-inflammatory cytokines. A and B, mouse BMDMs were treated with AGEs (0.1ϳ10 mg/ml) for 18 h in the presence of LPS (0.5 g/ml, final 3 h) (n ϭ 3 or 4, A; n ϭ 5 or 6, B). C, mouse BMDMs were treated with commercial AGEs (200 g/ml) or AGEs (5 mg/ml) for 18 h in the presence of LPS (0.5 g/ml, final 3 h) (n ϭ 4). D and E, mouse BMDMs were treated with AGEs (10 mg/ml) for 18 h in the presence of Pam3CSK4 (1 g/ml, final 3 h) (n ϭ 3). F, mouse BMDMs were treated with AGEs (10 mg/ml) for 18 h in the presence of poly(I:C) (10 g/ml, final 3 h) (n ϭ 3). A-F, cell extracts were assayed for mRNA levels of IL-1␤ or IL-6 by quantitative real-time PCR. Asterisks indicate significant differences from LPS, Pam3CSK4, or poly(I:C) alone-treated groups (*, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; n.s., not significant).
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lated phosphorylation and degradation of IB in BMDMs, indicating that AGEs negatively regulated NF-B signaling under our conditions (Fig. 5B) . We further verified this finding in HEK293 cells stably expressing TLR4, in which LPS stimulation caused a robust activation of NF-B as determined by performing an NF-B-luciferase reporter assay. However, pretreatment with AGEs did not inhibit NF-B activation in TLR4 -HEK293 cells in response to LPS stimulation (Fig. 5C ). Based on these findings, we inferred that AGE treatment may impair TLR4 -NF-B signaling pathways in macrophages, but not in non-myeloid 293 cells.
Given that extracellular signal-regulated kinase (ERK) was shown to contribute to the activation of NLRP3 inflammasomes in a recent study (24) , we examined the potential impact of AGE pretreatment on ERK signaling under NLRP3-activating conditions. LPS/ATP stimulation clearly induced ERK phosphorylation, but AGE pretreatment did not affect ERK phosphorylation (Fig. 5D) . Similarly, AGEs did not impair LPS/ATP-triggered phosphorylation of c-Jun N-terminal kinase (JNK) (Fig. 5E ). These findings suggest that the anti-inflammatory role of AGEs does not depend on the activation of mitogen-activated protein kinases signaling.
In addition to ERK, many recent findings have suggested that mitochondrial ROS (mtROS) production plays a crucial role in NLRP3 inflammasome activation (25) (26) (27) . In contrast, data from several studies demonstrated that mtROS production is also a consequence of NLRP3 inflammasome activation (28, 29) . In our experiments, pretreatment with AGEs significantly reduced mtROS production in wild-type mouse BMDMs stimulated with LPS/ATP, but not in Nlrp3-deficient BMDMs ( Fig.  5F and supplemental Fig. S3 ). Interestingly, LPS/ATP-triggered production of mtROS was partially attenuated in Nlrp3-deficient BMDMs compared with that in wild-type cells (Fig. 5F ). This result suggests that NLRP3 inflammasome activation, at least in part, contributes to mtROS production. AGE pretreatment caused no reduction in mtROS production in Nlrp3-deficient cells. We thus conclude that AGE-mediated reduction in mtROS might be a result of attenuated inflammasome activation. In this context, AGE-mediated impairment of NLRP3 inflammasome activation is not likely to be due to reduced mtROS production.
AGEs suppress M1 polarization of macrophages
It is well-established that macrophage polarization is a finetuning process used by macrophages to adapt to changes in the microenvironment (30) . As shown above, our data revealed that AGEs attenuated LPS-triggered production of pro-inflammatory cytokines. In agreement with this finding, we examined A, mouse BMDMs were treated with 8-week incubated BSA or AGEs at a final concentration of 10 mg/ml for 18 h, or treated with LPS (0.25 g/ml, 3 h), followed by treatment with ATP (2.5 mM, 30 min) as indicated. B and C, mouse BMDMs were pretreated with BSA (10 mg/ml) or AGEs (10 mg/ml (B) or 0.1ϳ10 mg/ml (C)) for 18 h. Cells were washed with PBS and fresh medium was added. Cells were then treated with LPS (0.25 g/ml, 3 h), followed by treatment with ATP (2.5 mM, 30 min) (n ϭ 3, C). D, the fluorescence emission spectra of 8-week incubated BSA (blue), 8-week incubated AGE (red), 24-week incubated BSA (cyan), and 24-week incubated AGE (purple) at 370 nm excitation. E and F, mouse BMDMs were pretreated with 24-week incubated AGEs (E) or BSA (F) (0.2, 1, and 2.5 mg/ml) for 18 h, washed and treated with LPS (0.25 g/ml, 3 h), followed by treatment with ATP (2.5 mM, 30 min). G, mouse BMDMs were pretreated with commercial AGEs (200 g/ml) or AGEs (5 mg/ml) for 18 h, washed, and treated with LPS (0.25 g/ml, 3 h), followed by treatment with ATP (2.5 mM, 30 min). H, mouse BMDMs were pretreated with AGEs, dialyzed AGEs, BSA (10 mg/ml), or 8-week incubated glucose (40 mM) for 18 h, washed, and incubated with fresh medium containing LPS (0.25 g/ml) for 3 h, followed by treatment with ATP (2.5 mM, 30 min). A, B, and E-H, culture supernatants (Sup) and cellular lysates (Lys) were immunoblotted with the indicated antibodies. C, culture supernatants were assayed for extracellular IL-1␤ secretion by ELISAs. Asterisk indicates significant differences from the LPS/ATP-treated group (*, p Ͻ 0.05).
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whether AGEs could affect M1 polarization of macrophages. Of interest, AGE treatment exhibited a robust inhibition on LPSand IFN-␥-induced expression of CXCL11, a distinct marker of M1 polarization (31) (Fig. 6A) . Supporting this observation, LPS-driven elevation in the level of M1 markers, including inducible nitric-oxidase synthase and TNF-␣, was significantly reduced by AGE pretreatment (Fig. 6, B and C) . Then, we further checked the effect of AGEs on M2 polarization of macrophages. Unlike M1 polarization markers, AGEs did not alter the expression level of M2 genes, such as Arg1 and Ym1, in BMDMs upon IL-4 stimulation (Fig. 6, D and E) .
NLRP3 inflammasome activation generally requires two independent stimuli, for example, signal 1 for priming and signal 2 for activation (32) . Considering that AGE treatment markedly attenuated LPS-driven priming events and M1 polarization of macrophages, we further examined whether AGEs could inhibit signal 2-induced activation of NLRP3 inflammasome. As reported by a previous study (33) , only ATP treatment, a signal 2 stimulus, in the absence of LPS priming was sufficient to induce caspase-1 activation in NLRP3-reconstituted BMDMs (Fig. 6F) . Intriguingly, AGEs showed a remarkable suppression of ATP-triggered activation of caspase-1 in NLRP3-reconstituted macrophages (Fig. 6F) . These findings suggest that AGEs could interfere with not only the LPS-promoted priming step but also the signal 2-induced activation step for the activation of NLRP3 inflammasome.
AGEs suppress innate immune responses in a RAGE-independent manner
RAGE was first identified as a receptor for AGEs (34) . We further examined the potential implication of RAGE in the innate immune-suppressing capability of AGEs. Under our experimental conditions, RAGE-specific antagonist FPS-ZM1 did not affect the AGE-mediated inhibition of LPS/ATP-triggered caspase-1 activation (Fig. 7A) . Consistent with this finding, RAGE inhibitor failed to affect the AGE-driven suppres- Figure 4 . AGE pretreatment impairs NLRP3 inflammasome assembly and activation. A, mouse BMDMs were pretreated with AGEs (10 mg/ml) for 18 h, washed, and treated with LPS (0.25 g/ml, 3 h), followed by treatment with ATP (2.5 mM, 30 min), nigericin (Nig, 5 M, 45 min), or alum (250 g/ml, 6 h). B, mouse BMDMs were treated with BSA or AGEs (10 mg/ml) for 18 h. Cells were then washed and transfected with poly(dA:dT) (1 g/ml, 4 h) or treated with LPS (0.25 g/ml, 3 h), followed by treatment with ATP (2.5 mM, 30 min). C, mouse BMDMs were treated with BSA or AGEs (10 mg/ml) for 18 h. Cells were then washed and infected with P. aeruginosa PAO1 (m.o.i. ϭ 3) for 3 h or treated with LPS (0.25 g/ml, 3 h), followed by treatment with ATP (2.5 mM, 30 min). D, mouse BMDMs were treated with BSA or AGEs (10 mg/ml) for 18 h, washed, and treated with LPS (0.25 g/ml, 3 h), followed by treatment with ATP (2.5 mM, 30 min). Cell lysates were assayed for the presence of ASC oligomers in the succinimidyl suberate (DSS)-derived pellet (pel) fraction. A-D, culture supernatants (Sup) and cellular lysates (Lys) were immunoblotted with the indicated antibodies. E and F, NLRP3-GFP-expressing BMDMs were pretreated with AGEs (5 mg/ml) for 18 h, washed, and treated with LPS (0.25 g/ml, 3 h), followed by treatment with nigericin (5 M, 45 min). Speck-like aggregates of NLRP3 were then counted and displayed as the relative number of NLRP3 speck-containing cells (n ϭ 3 or 5, E) or observed by confocal microscopy (F). The arrow indicates speck-like aggregates of NLRP3. Scale bars, 10 m.
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sion of IL-6 mRNA induction in BMDMs upon stimulation with LPS (Fig. 7B) . However, RAGE inhibitor showed a significant reduction of IL-6 mRNA expression triggered by S100 protein (Fig. 7C) . In addition, AGE-mediated inhibition of LPSpromoted IB phosphorylation was not prevented by RAGE inhibitor (Fig. 7D) . As similar, reduction of the M1 marker CxCl11 mRNA level by AGE pretreatment was not reversed by the presence of the RAGE inhibitor (Fig. 7E) . These findings collectively indicated that RAGE signaling is not associated with AGE-driven impairment of innate immune responses.
AGEs impair host innate responses in macrophages in response to influenza virus infection
As our data demonstrated that AGE pretreatment caused a severe reduction in the assembly and activation of NLRP3 inflammasomes, we further examined whether AGEs could affect host inflammasome activation in macrophages upon influenza virus infection. Consistent with the above data, pretreatment with AGEs, but not with BSA, clearly abolished both caspase-1 activation and IL-1␤ secretion in BMDMs upon infection with influenza A virus (Fig. 8A) . Next, we measured interferon-␤ (IFN-␤) production by macrophages in response to influenza virus infection. Of note, AGE pretreatment significantly suppressed IFN-␤ mRNA production and secretion from BMDMs upon influenza virus infection (Fig. 8, B and C) . These findings suggest that AGEs could impair the host innate immune defense in macrophages against dsRNA-mediated virus infection.
Discussion
Accumulating recent evidence has demonstrated that deregulated NLRP3 inflammasome activity is closely associated with the progression of multiple metabolic and degenerative disorders (19 -21) . Several disease risk factors such as palmitate or cholesterol crystals were previously shown to trigger the activation of NLRP3 inflammasomes (16, 18) , indicating that NLRP3 inflammasome activation contributes to the pathogenesis of type-2 diabetes and atherosclerosis. Recent evidence also demonstrated that AGEs up-regulated mRNA or protein expression of inflammasome-related molecules such as NLRP3, caspase-1, and IL-1␤ in non-myeloid cells such as podocytes, nucleus pulposus cells, or placental cells (35) (36) (37) . However, the detailed molecular impact of AGEs on caspase-1 activation or inflammasome assembly has not been tested previously in myeloid cells. In the present study, we found that AGEs did not promote nor enhance the activation of NLRP3-dependent inflammasome pathways at least in BMDMs. Instead, AGE treatment unexpectedly suppressed NLRP3-dependent caspase-1 activation.
Contrary to previous findings, our data also demonstrated that AGEs failed to induce the production of pro-inflammatory cytokines in BMDMs and THP-1 cells. Although some previous 3 or 4) . B, mouse BMDMs were treated with AGEs (10 mg/ml) for 18 h, washed, and treated with LPS (0.5 g/ml) for the indicated times. Cell extracts were immunoblotted with the indicated antibodies. C, HEK293-TLR4 cells were transfected with a reporter construct encoding NF-B-luciferase (0.2 g). After a 24-h transfection, cells were pretreated with BSA or AGEs (10 mg/ml) for 12 h, followed by treatment with LPS (0.25 g/ml, 6 h). Cell extracts were then assayed for luciferase expression (n ϭ 5). D and E, mouse BMDMs were pretreated with BSA or AGEs (10 mg/ml) for 18 h, washed, and treated with LPS (0.25 g/ml, 3 h), followed by treatment with ATP (2.5 mM, 30 min). Culture supernatants (Sup) and cellular lysates (Lys) were immunoblotted with the indicated antibodies. F, Nlrp3 ϩ/ϩ or Nlrp3 Ϫ/Ϫ mouse BMDMs were pretreated with AGEs (10 mg/ml) for 18 h, washed, and treated with LPS (0.25 g/ml, 3 h), followed by treatment with ATP (2 mM, 30 min). Cells were then stained with MitoSOX and assayed for the MitoSOX-positive cells by flow cytometry. Asterisks indicate significant differences (n ϭ 3, *, p Ͻ 0.05, **, p Ͻ 0.01, n.s., not significant).
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studies reported that AGEs did not promote the production of cytokines (9, 38) , many other findings demonstrated the elevated secretion of cytokines by AGEs (8, 10, 39) . At present, we cannot fully explain this discrepancy. One possible explanation could be that different cell types were used, as in the case with inflammasome activity. Most previous studies of AGE-triggered production of pro-inflammatory cytokines were performed using non-myeloid cells and monocytes or peripheral blood mononuclear cells (8, 10, 39) , whereas BMDMs were used in our experiments. Further detailed investigations will help clarify the potent roles of AGEs in the inflammatory response of macrophages. In this regard, our data present novel evidence that AGE treatment in macrophages could impair LPS-induced up-regulation of pro-inflammatory cytokine production, as well as NLRP3 inflammasome activation.
The molecular mechanism underlying the anti-inflammatory function of AGEs is not fully understood at present. Given that NLRP3 inflammasome activation requires both a priming signal mediating TLR-associated pathways and an activating signal (12) , AGE-induced impairment of cytokine production is possibly in line with attenuated activation of the NLRP3 inflammasome. AGE treatment remarkably suppressed TLR-mediated priming events in macrophages upon LPS, Pam3CSK4, or poly(I:C) stimulations. Of interest, AGEs failed to block NLRC4 or AIM2 inflammasome signaling, which do not require the TLR-mediated priming step for the activation. In this regard, the NLRP3 inflammasome-suppressing effect of AGEs may be due to their inhibition of TLR-associated priming signals. However, AGEs also attenuated ATP-promoted caspase-1 activation in NLRP3-reconstituted macrophages. Therefore, further investigations will be required to elucidate the innate immunesuppressing mechanism of AGEs.
Based on our observations, AGEs inhibited TLR4 -NF-B signaling in macrophages, but not in 293 cells. This finding raises the possibility that the immunosuppressive effect of AGEs may depend on a potential receptor primarily expressed in macrophages. In addition to RAGE, several other AGE receptors such as AGE-receptor 1 (AGE-R1) are expressed in macrophages (2, 40) . Of particular interest, AGE-R1 was previously reported to function as an anti-inflammatory molecule via the removal of AGEs (41) . It will be thus challenging to determine whether AGE-R1 might be involved in the immunosuppressive effects of AGEs.
Furthermore, we found that AGEs clearly suppressed LPS-or IFN-␥-induced M1 polarization of macrophages. On the other hand, AGE treatment did not affect IL-4-driven M2 polarization. Although AGE alone did not trigger M1 nor M2 polarization of macrophages, AGE treatment definitely alters the polar- Figure 6 . AGE pretreatment inhibits M1 macrophage polarization. A, mouse BMDMs were pretreated with AGEs (10 mg/ml) for 18 h. Culture media were left unchanged (Un) or were changed (MC) to remove AGEs, then treated with LPS (0.25 g/ml, 6 h) or IFN-␥ (12.5 ng/ml, 6 h). Cell extracts were assayed for mRNA expression of the target genes by RT-PCR. B and C, mouse BMDMs were treated with BSA or AGEs (10 mg/ml) for 18 h in the presence of LPS (0.25 g/ml, final 6 h) (n ϭ 3). D and E, mouse BMDMs were treated with BSA or AGEs (10 mg/ml) for 18 h in the presence of IL-4 (30 ng/ml, final 8 h) (n ϭ 3, D; n ϭ 3 or 4, E). B-E, cell extracts were assayed for mRNA levels of the indicated genes by quantitative real-time PCR. Asterisks indicate significant differences from LPS, or the IL-4 alone-treated group (***, p Ͻ 0.001; n.s., not significant). F, mouse NLRP3-reconstituted BMDMs were treated with BSA or AGEs (10 mg/ml) for 18 h, washed, and treated with LPS (0.25 g/ml, 3 h), followed by treatment with ATP (2.5 mM, 30 min). Culture supernatants (Sup) and cellular lysates (Lys) were immunoblotted with the indicated antibodies.
ization status of macrophages under specific circumstances. Additionally, AGE-treated macrophages showed impaired production of type-1 interferon in response to influenza virus infection. Based on these data, we infer that a chronic exposure of macrophages to AGEs may induce a distinct phenotypic change in macrophages, leading to the decreased responsiveness of macrophages to extracellular pathogen-associated molecular patterns.
Considering that inflammasome signaling occurs mainly in myeloid cells such as macrophages, the accumulation of AGEs could have a harmful effect on the activation of host innate defense mechanisms involving NLRP3 inflammasome signaling. In this context, AGEs may impair the host immune defense against a wide range of microbial infections. It was previously shown that influenza virus infection causes activation of NLRP3 inflammasomes through viral RNA (15) or its M2 ion channel (42) . Inflammasome activation provides a host innate defense against influenza virus infection. Our data demonstrated that AGE pretreatment significantly dampened innate immune responses such as inflammasome activation and Culture supernatants (Sup) and cellular lysates (Lys) were immunoblotted with the indicated antibodies. B, mouse BMDMs were treated with AGEs (10 mg/ml) for 15 h in the presence of RAGE inhibitor (0.2ϳ20 M), and then further treated with LPS (0.5 g/ml) for an additional 3 h (n ϭ 4). C, mouse BMDMs were pretreated with RAGE inhibitor (5 or 20 M) for 30 min, and then further treated with recombinant S100 protein (5 g/ml) for 3 h (n ϭ 3). D, mouse BMDMs were pretreated with AGEs (10 mg/ml) for 18 h in the presence of RAGE inhibitor (10 M, 30 min pretreatment before AGEs), washed with PBS, and treated with LPS (0.25 g/ml, 15 min). Cellular lysates were immunoblotted with the indicated antibodies. E, mouse BMDMs were pretreated with RAGE inhibitor (10 M) for 30 min, and further treated with AGEs (10 mg/ml) for 18 h in the presence of LPS (0.25 g/ml, final 6 h) (n ϭ 3). B, C, and E, cell extracts were assayed for mRNA levels of the indicated genes by quantitative real-time PCR. Asterisks indicate significant differences from the S100 alone-treated group (C) (*, p Ͻ 0.05, ***, p Ͻ 0.001).
Figure 8. AGE pretreatment impairs host innate immune defense of macrophages against RNA virus infection.
A, mouse BMDMs were pretreated with BSA or AGEs (10 mg/ml) for 18 h, followed by influenza A virus infection (delNS1/PR8 strain) at an m.o.i. of 3. Culture supernatants (Sup) and cellular lysates (Lys) were immunoblotted with the indicated antibodies. B and C, mouse BMDMs were pretreated with BSA or AGEs (10 mg/ml) for 18 h, followed by influenza A virus infection (m.o.i. ϭ 3). B, cell extracts were assayed for the production of IFN-␤ mRNA by quantitative real-time PCR (n ϭ 3). C, culture supernatants were assayed for the secreted extracellular levels of IFN-␤ by ELISAs (n ϭ 3). Asterisks indicate significant differences from the virus-infected group (*, p Ͻ 0.05; ***, p Ͻ 0.001, n.s., not significant).
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IFN-␤ production in response to influenza virus infection, suggesting that AGEs could impair host innate defense mechanisms. Intriguingly, it is interesting to note that patients with obesity or diabetes and obese mice were more susceptible to infectious diseases including influenza virus infection (43) (44) (45) , thus linking the association of AGE with infection susceptibilities. Our results provide a molecular explanation for this phenomenon. Collectively, our data suggest that AGE, a risk factor for multiple degenerative diseases, could impair NLRP3-and TLR4-mediated innate immune responses, leading to increased susceptibility to infectious diseases.
Experimental procedures
Reagents and antibodies LPS, ATP, nigericin, poly(dA:dT), and poly(I:C) were purchased from Sigma. BSA was obtained from Affymetrix. Glucose was obtained from Amresco. Commercially available AGEs were purchased from Merck Millipore (glycoaldehyde-BSA) and BioVision (glucose-BSA). Pam3CSK4 was purchased from InvivoGen. Alum was purchased from InvivoGen. Mouse recombinant IFN-␥ and MitoSOX were obtained from Invitrogen. The RAGE antagonist FPS-ZM1 was purchased from Merck Millipore. Recombinant mouse S100A8/S100A9 proteins were obtained from R&D Systems. Mouse IL-1␤, IL-6, and IFN-␤ enzyme-linked immunoassay (ELISA) kits were obtained from R&D Systems. Anti-ASC and anti-phospho-ERK antibodies were purchased from Santa Cruz. An anti-mouse IL-1␤ antibody was obtained from R&D Systems. Anti-mouse caspase-1 (p20) and anti-NLRP3 antibodies were from Adipogen. Anti-phospho-JNK1/2 and anti-ERK antibodies were obtained from Cell Signaling. Anti-JNK antibody was purchased from BD Biosciences.
Cell culture
Mouse bone marrow cells were isolated from mouse femurs and differentiated into BMDMs as previously described (14) . C57BL/6 mice were obtained from Orient, and bred at the Yonsei University College of Medicine. All mice were maintained under specific pathogen-free conditions, and 8 -10-week-old male mice were used for the experiments. The protocols used for the animal experiments were approved by the Institutional Ethical Committee of Yonsei University College of Medicine. All experiments involving BMDM preparation were performed in accordance with approved guidelines from the Institutional Ethical Committee. Immortalized NLRP3-GFP-expressing BMDMs and NLRP3-reconstituted BMDMs (NG5 and N1-8) were provided by E. S. Alnemri (Thomas Jefferson University, Philadelphia, PA). All BMDMs were maintained in L929-conditioned DMEM supplemented with 10% fetal bovine serum (FBS) and 100 units/ml of penicillin/streptomycin. THP-1 cells were cultured in RPMI 1640 supplemented with 10% FBS, 2 mM glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 0.05 mM 2-mercaptoethanol, and 100 units/ml of penicillin/streptomycin. TLR4-expressing HEK293 cells were provided by I. H. Choi (Yonsei University). TLR4 -HEK293 cells were cultured in DMEM supplemented with 10% FBS and 100 units/ml of penicillin/streptomycin.
Preparation of AGEs
AGEs were prepared by incubating BSA with glucose, as previously described (22) . Briefly, BSA (250 mg/ml) was incubated with glucose (1 M) in phosphate-buffered saline (PBS) under sterile conditions in the dark at 37°C for 8 weeks. Alternatively, BSA (50 mg/ml) was incubated with glucose (0.5 M) for 24 weeks to induce extensive formation of AGEs. As a control for AGEs, only BSA was incubated in the absence of glucose under the same conditions. After incubation, samples were filtered to remove aggregated particles, normalized, and stored at Ϫ20°C before use. In some experiments, excessive glucose in the AGE preparations was removed by extensive dialysis against PBS. To measure the formation of AGEs, the fluorescence emission spectrum between 385 and 600 nm (370 nm excitation) was scanned using a Varioskan Flash multimode reader (Thermo Fisher).
Assay of inflammasome activation
To stimulate NLRP3 inflammasome activation, mouse BMDMs were primed with LPS (0.25 g/ml) for 3 h, followed by treatment with ATP (2.5 mM, 30 min), nigericin (5 M, 45 min), or alum (125 g/ml, 6 h). To activate AIM2 inflammasomes, BMDMs were transfected with poly(dA:dT). To stimulate NLRC4 inflammasome, BMDMs were infected with P. aeruginosa PAO1 as described previously (46) . Culture supernatants were precipitated by the addition of a methanol/ chloroform mixture as described previously (47), after which they were immunoblotted with anti-caspase-1 and anti-IL-1␤ antibodies. Inflammasome activation was determined by the presence of bands corresponding to active caspase-1 p20 and active IL-1␤ in immunoblots, and was quantified by measuring extracellular IL-1␤ using a Quantikine IL-1␤ ELISA Kit (R&D Systems). To measure extracellular levels of IL-6, culture supernatants were assayed using an IL-6-specific ELISA kit according to the manufacturer's instructions (R&D Systems).
Assay of inflammasome assembly
To determine the oligomerization of ASC, a disuccinimidyl suberate-mediated chemical cross-linking assay was performed as previously described (48) . To determine the formation of NLRP3 speck-like aggregates, NLRP3-GFP-expressing BMDMs were observed under a confocal microscope (LSM 700, Zeiss) after the indicated stimulations. The relative percentage of cells containing NLRP3 specks was then counted.
Immunoblotting
Cells were harvested and then lysed in 20 mM HEPES (pH 7.5) buffer containing 0.5% Nonidet P-40, 50 mM KCl, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA and protease inhibitors. After centrifugation to remove cell debris, soluble lysates were fractionated by SDS-polyacrylamide gel electrophoresis, transferred to PVDF membranes (Bio-Rad), and then immunoblotted by Western blotting. All blots shown are representative images of at least three-independent experiments. Images have been cropped for presentation.
Suppression of innate immune responses by AGEs Quantification of mRNA production
To measure mRNA production, quantitative real-time PCR or RT-PCR assays were performed. Briefly, total cellular RNA was isolated using the TRIzol reagent (Invitrogen) and reverse transcribed using PrimeScript TM RT Master Mix (Takara) according to the manufacturer's instructions. Template DNA was amplified by quantitative real-time PCR using SYBR Premix Ex Taq TM II (Takara). Alternatively, RT-PCR was performed with the AccuPower HotStart PCR premix (Bioneer). Primers were as follows: 5Ј-GCC CAT CCT CTG TGA CTC AT-3Ј and 5Ј-AGG CCA CAG GTA TTT TGT CG-3Ј (mouse Il-1␤); 5Ј-AGT TGC CTT CTT GGG ACT GA-3Ј and 5Ј-TCC ACG ATT TCC CAG AGA AC-3Ј (mouse Il-6); 5Ј-ATG CTG CTTCGA CAT CTC CT-3Ј and 5Ј-AAC CAA TGC GAG ATC CTG AC-3Ј (mouse Nlrp3); 5Ј-CGC GGT TCT ATT TTG TTG GT-3Ј and 5Ј-AGT CGG CAT CGT TTA TGG TC-3Ј (mouse Rn18s); 5Ј-AAC TTT GGC ATT GTG GAA GG-3Ј and 5Ј-ACA CAT TGG GGG TAG GAA CA-3Ј (mouse Gapdh); 5Ј-TTC CTG CTG TGC TTC TTC AC-3Ј and 5Ј-CTT TCC ATT CAG CTG CTC CA-3Ј (mouse Ifnb); 5Ј-CCG AAG CAA ACA TCA CAT TCA-3Ј and 5Ј-GGT CTA AAG GCT CCG GGC T-3Ј (mouse Nos2); 5Ј-CGT CAG CCG ATT TGC TAT CT-3Ј and 5Ј-CGG ACT CCG CAA AGT CTA AG-3Ј (mouse Tnfa); 5Ј-GTG AAG AAC CCA CGG TCT GT-3Ј and 5Ј-CTG GTT GTC AGG GGA GTG TT-3Ј (mouse Arg1); 5Ј-CAC CAT GGC CAA GCT CAT TCT TGT-3Ј and 5Ј-TAT TGG CCT GTC CTT AGC CCA ACT-3Ј (mouse Ym1); 5Ј-AGC TGC TCA AGG CTT CCT TA-3Ј and 5Ј-CTG CAT TAT GAG GCG AGC TT-3Ј (mouse Cxcl11); 5Ј-GGG CCT CAA GGA AAA GAA TC-3Ј and 5Ј-TTC TGC TTG AGA GGT GCT GA-3Ј (human IL-1B); 5Ј-TAC CCC CAG GAG AAG ATT CC-3Ј and 5Ј-TTT TCT GCC AGT GCC TCT TT-3Ј (human IL-6); 5Ј-GAG TCA ACG GAT TTG GTC GT-3Ј and 5Ј-TTG ATT TTG GAG GGA TCT CG-3Ј (human GAPDH).
Reporter gene assay
To determine NF-B promoter activities, 293-TLR4 cells were transfected with an NF-B promoter luciferase reporter plasmid. After a 24-h transfection, cells were treated with BSA or AGEs for 12 h, followed by treatment with LPS for 6 h. Cell lysates were then assayed for luciferase activity using a Luciferase Assay Kit (Promega) according to the manufacturer's instructions. To determine IFN-␤ promoter activity, 293T cells were cotransfected with an IFN-␤ promoter-luciferase reporter plasmid and an RIG-I plasmid. After a 6-h transfection, the cells were washed and fresh medium containing BSA or AGEs was added to the cells. Cells were incubated for 18 h, followed by transfection of poly(I:C) for 6 h. Cell extracts were then assayed for luciferase expression using a luminometer (Promega).
Measurement of mitochondrial ROS production
To measure the production of mitochondrial ROS, cells were stained with MitoSOX (Invitrogen) according to the manufacturer's protocol. The fluorescence of cells was then monitored by flow cytometry (FACSVerse, BD Biosciences).
Influenza A virus infection
Human influenza virus A/Puerto-Rico/8/34 (H1N1) PR8 strains lacking the NS1 open reading frame (delNS1) were provided by Dr. Adolfo Garcia-Sastre (Icahn School of Medicine at Mount Sinai, New York) and used. Virus titers were determined by standard plaque assays in Madin-Darby canine kidney cells with a few modifications, as described previously (49) . Cells were infected with influenza A virus at a multiplicity of infection (m.o.i.) of 2-4. At 1.5 h post-infection, cells were washed and cultured in regular growth medium for 24 h before being harvested.
Assay of type-I interferon production
To trigger the production of type-I IFN, mouse BMDMs were infected with influenza A virus as described above or transfected with poly(I:C) using Lipofectamine 2000 according to the manufacturer's protocol (Invitrogen). To measure the production of IFN␤, quantitative real-time PCR was performed to quantify the levels of IFN␤ mRNA. Additionally, culture supernatants were assayed for extracellular levels of IFN-␤ using a mouse IFN-␤ ELISA Kit (R&D Systems).
Statistical analysis
All values were expressed as the mean Ϯ S.E. of individual samples or independent experiments. Data were analyzed using one-way analysis of variance followed by Dunnett's post hoc test for comparison of all groups with control group. The level of statistical significance was set at p Յ 0.05. Analyses were performed with GraphPad Prism.
